L eber hereditary optic neuropathy (LHON) is a maternally inherited mitochondrial DNA genetic disease characterized by severe visual loss. The onset occurs typically in early adulthood, with little or no propensity for recovery. 1, 2 Approximately 95% of LHON is caused by 3 pathogenic point mitochondrial DNA mutations coding for the respiratory chain subunits of the nicotinamide adenine dinucleotide ubiquinone-oxidoreductase (complex I) genes: 3460G>A ND1, 11778G>A ND4, and 14484T>C ND6. 3, 4 The 11778G>A mutation results in the arginine to histidine substitution at amino acid position 340. Males are far more likely to develop LHON than are females. Affected individuals are usually asymptomatic until they develop central visual loss in one eye. Similar symptoms appear in the other eye an average of 8 weeks later. No established treatment is available for LHON. A prospective randomized clinical trial 5 included 55 patients (all 3 LHON subtypes included). These patients received 900 mg/d of oral idebenone, which is a synthetic short-chain benzoquinone and coenzyme Q10 derivative. Thirty other patients with LHON received placebo. No statistically significant visual acuity recovery, the primary end point of the trial, was found at the end of the 24-week study period, although post hoc interaction analysis suggested that patients with discordant visual acuities are the most likely to benefit from idebenone. A review 6 of 103 patients (all 3 LHON subtypes included) described 44 individuals who were given idebenone, ranging from 270 to 675 mg/d, either within 1 year after the onset of visual loss in the second eye or before involvement of the second eye.
Patients with G11778A LHON who received the earliest treatment had the best chance of recovery; however, the study was limited by its retrospective design and outcome measures different from those of other trials. In a phase 1 openlabel trial, 7 5 patients with LHON (all 3 LHON subtypes included) received oral EPI-743, a digital biochemical information transfer and sensing compound, within 90 days of conversion to the affected LHON state. One of the 3 patients with G11778A demonstrated reversal of visual loss; a larger-scale study is planned. Our future goal will be to test the effectiveness of gene therapy in preventing visual loss and restoring vision in patients with G11778A LHON and maternally related family members at risk to lose vision. We chose G11778A LHON because it accounts for half of the LHON cases and causes one of the most severe forms of the disease. We have overcome the deficiency in oxidative phosphorylation in LHON by using a technique termed allotopic expression. 8 A nuclear version of the mitochondrial gene ND4 (OMIM 516003.0001) subunit gene is recoded for expression and import into mitochondria. [9] [10] [11] Allotopic expression normalized the defective adenosine triphosphatase synthesis of LHON cells and improved their survival. 12 We have created a bona fide animal model for LHON.
Using site-directed mutagenesis of the nuclear version of ND4, we replaced the codon for arginine with that for histidine at amino acid 340. Injection of this construct into the mouse visual system disrupted mitochondrial cytoarchitecture, elevated reactive oxygen species, induced swelling of the optic nerve head, and induced apoptosis, with progressive demise of retinal ganglion cells (RGCs). In contrast, ocular expression of the wild-type human ND4 subunit appeared safe, 13, 14 and its injection prevented blindness in rats induced by injection of the mutant ND4 allele, providing proof of principle of the LHON gene therapy approach. 15 The natural history phase of the project was initiated in September 1, 2008. The baseline entry data of the first year of recruitment (25 patients) showed that mean retinal nerve fiber layer (RNFL) thickness was 78.3 μm up to 32 months after visual loss, suggesting that RGC survival with dysfunction many months after visual loss may provide a long window of opportunity for LHON gene therapy. 8 The present report focuses on the serial pretreatment evaluation of affected patients who had at least 1 follow-up visit before August 31, 2012, including follow-up data through year 3. The aim of the present analysis was to assess the natural history of improvement or worsening of visual measures.
Methods

Clinical Examination
Since 2008, patients with G11778A LHON were recruited regardless of the time since visual loss and reexamined every 6 months at our eye institute. The study was approved by the University of Miami Institutional Review Board, and written informed consent was obtained. The participants received no financial compensation. Best-corrected visual acuity was measured using the Early Treatment Diabetic Retinopathy Study (ETDRS) chart. Neuro-ophthalmic examination included pupil, retina, and optic nerve assessments. Humphrey 30-2 white-on-white standard automated visual fields were obtained.
Molecular Analysis
A polymerase chain reaction-based test using the amplification refractory mutation system detected the presence or absence of G3460A, G11778A, and T14484C LHON genotypes. 8 The genetic analysis was performed by The University of Iowa Carver Laboratory or by Athena Laboratories. 16 
Optical Coherence Tomography
Peripapillary RNFL thickness was measured by an optic disc cube 200 × 200 scan of the spectral domain (Cirrus OCT, 3.0; Carl Zeiss Meditec). The algorithms identify a circle of 3.46-mm diameter around the optic disc center and calculate the RNFL thickness at each point on the circle. 17 Three consecutive scans were acquired and analyzed for each eye.
Pattern Electroretinogram
The pattern electroretinogram (PERG) was simultaneously recorded from both eyes according to a paradigm optimized for glaucoma detection. 18 The method is highly reproducible, 18, 19 and normative data are available. 20 The PERG waveforms were automatically analyzed in the frequency domain by discrete Fourier transform to isolate the frequency component at the contrast-reversal rate (16.28 Hz) to compute its amplitude in microvolts and phase in pi radians.
Statistical Analysis
Values were expressed as mean (SD). Data were analyzed with fixed effects and linear mixed models. P < .05 was considered significant. The ETDRS visual acuity was analyzed as number of letters read. Comparisons of follow-up with baseline measurements in which both eyes were averaged at each visit ( months; range, 0.8 months to 59.5 years; P < .001). Distribution of the patient visits is reported in the Supplement (eTable 1); 18 patients (41%) had 36 months of completed visits. The intervals from onset of acuity loss in the first eye vs the fellow eye were available for 15 patients: 8 patients (53%) reported that onset of acuity loss in the second eye occurred in 2 months or less; 4 patients (27%) experienced acuity loss in less than 6 months; 2 patients (13%) had onset in 12 months or less; and 1 patient (7%) maintained good contralateral acuity 30 months after onset. Excluding the patient with unilateral involvement, the median time to fellow eye involvement was approximately 2 months and the maximum time was 8 months. Table 1 presents a longitudinal summary of clinical factors from baseline through 36 months of follow-up. No significant changes in mean visual acuity, visual field, or PERG for all patients were identified, and no significant change was found when the data were stratified into patients with onset of visual acuity loss at 12 months or less and onset of visual acuity loss at more than 12 months. Statistically significant decreases in OCT-measured RNFL occurred over time in patients with onset of visual loss at 12 months or less; however, in those with onset of visual loss at more than 12 months, the OCT-measured RNFL was already thinned and showed no significant change over time. At the 36-month visit, the OCTmeasured RNFL remained thinned regardless of the time of visual loss onset at baseline.
Because the end point for a phase 1/2 gene therapy clinical trial is likely a 15-letter ETDRS improvement in visual acu- ity (approximately 3 lines), we classified patients as improved from baseline, worsened, or stable based on this criterion. Because participants were recruited regardless of the time since visual loss, the analysis was performed using the onset of visual loss as the reference, and the figures were plotted using "months since onset of acuity loss in first involved eye" as the x-axis. The results showed that 13 eyes of 8 patients (18%) improved during follow-up, 7 eyes of 6 patients (14%) worsened, and 68 eyes of 38 patients (86%) were stable. Figure 1 displays the relationship between change in acuity and months since the onset of visual loss and length of follow-up. The plot of the 13 eyes of 8 patients that improved is shown in Figure 1A . Among the 8 patients whose vision improved, the delay after onset of acuity loss to when an eye first demonstrated a 15-letter ETDRS improvement ranged from 8.3 to 71.5 months (median, 27.5 months). Of patients with onset of acuity loss less than or equal to 12 months before enrollment, the cumulative proportion with a 15-letter ETDRS improvement in either eye was 31.6% (SE, 13.1%) at 12 months of follow-up, with no more patients subsequently experiencing improved however, at their last visit, the acuity levels of 3 of these eyes were still worse than 30 ETDRS letters (<20/200). One eye improved to 51 letters (20/100). Taken together, patients who showed the most rapid improvements had shorter times since onset of visual loss. Figure 1B plots the 7 eyes of 6 patients that worsened. The pattern of worsening with follow-up was more homogeneous than that of improvement. Of the eyes that worsened, all worsening occurred within 12 months after the onset of visual acuity loss and reached the lowest levels approximately 12 months after the onset of symptoms. Of the 68 eyes of the 38 patients that were stable, the eyes of 30 patients were stable bilaterally ( Figure 1C ). The median time since onset of visual acuity loss in these patients was 66 months (range, 9 months to 45 years). Fourteen patients (47%) were monitored for 36 months, and 21 individuals (70%) were monitored for at least 2 years.
In all 13 eyes of 8 patients (18%) who had improved visual acuity, the improvements occurred despite the continued thinning of the average RNFL on OCT. Figure 2 displays changes with follow-up for mean RNFL thickness and shows RNFL thickness deteriorated in eyes that improved in a manner similar to that in eyes that worsened. Of the 8 eyes of 5 patients old enough to be represented in the age-specific normal database, the RNFL of all was decreased to less than 1% of the normal thickness range. The eyes of the patients too young to be represented in the age-specific normal database had similar thicknesses. Examples of plots of some cases demonstrating that improvements occurred despite the continued thinning of the RNFL thickness are shown in the Supplement (eFigure 1). The baseline temporal sector RNFL thickness, an indicator of the papillomacular bundle, is not related to eyes that improved (P = .48, logistic regression, less significant than mean RNFL, with P = .14). We also reviewed the Cirrus ganglion cell layer analyses for the 13 eyes with improved visual acuity. Longitudinal plotting of the average, minimum, and temporal ganglion cell-layer inner-plexiform layer data do not reveal changes over time. Figure 3 shows changes with follow-up for visual field mean deviation (MD). In eyes with improved visual acuity, improvements in visual field were modest and not consistently observed. In eyes with worsened visual acuity, the MD worsened correspondingly. Separation of PERG measurements into visual field change status for analysis revealed nothing noteworthy for either PERG amplitude or phase, suggesting that PERG changes occur before the onset of acuity symptoms. None of the visual function measures collected at baseline, sex, or enrollment age predicted patients who demonstrated improved central acuity (all P > .12, logistic regression), except months since onset (P = .05).
Among patients receiving idebenone therapy during our study period, dosages ranged from 120 to 900 mg/d. One patient received stem cells in China. 22 Another patient entered into our study was still taking EPI-743, starting treatment when his vision was 20/25 OD and 20/20 OS. There was no significant difference identified in the percentages of patients improving by 15 ETDRS letters between those receiving idebenone and those who were not receiving it (Supplement [eTable 2]) (P = .41; Fisher exact test). Neither was there a significant difference among patients with onset of visual loss within 18 months of enrollment (P > .99; Fisher exact test). Because of the small sample size, however, the possibility of an effect of idebenone cannot be excluded. Changes in visual acuity and visual field data associated with respect to idebenone use for patients with recent onset of symptoms are displayed in the Supplement (eFigure 2).
Discussion
The natural history results of patients with G11778A LHON indicate that spontaneous partial recovery of vision is limited and occurs in a small percentage of affected persons. Thus, gene therapy improvements with injection of adeno-associated virus containing a normal ND4 gene will be possible to detect with a reasonable sample size. Of the visual functional and structural factors examined in the present study, visual acuity was as good, and at times better, than the other visual factors for monitoring patients, indicating that visual acuity is the most suitable primary outcome measure for detecting treatment effect in the planned gene therapy clinical trial. The end point of a 15-letter ETDRS visual acuity improvement (approximately 3 lines) is planned for the trial. Although we found that visual acuity improvement may occur up to 72 months after the onset of visual loss, patients whose vision improved late tended to have lower visual acuity. In contrast, all eyes with worsened visual acuity reached the lowest acuity levels approximately 12 months after the onset of visual loss. Visual field, OCT-measured RNFL thickness, and PERG are reasonable secondary outcome measures for the planned clinical trial. The RNFL thickness was increased in the first months after the onset of symptoms in participants with optic disc edema (Figure 2 ). Subsequently, homogeneous progressive RNFL thinning was observed during the 18 months after the onset of symptoms regardless of visual acuity changes and whether optic disc edema was initially present. Consistent with our findings, previous OCT studies found thickened RNFL in the early stages of G11778A LHON, with subsequent RNFL thinning beyond 6 months of onset of visual loss. [23] [24] [25] Thickened RNFL during the acute phase likely represents axoplasmic flow stasis, which masks the concomitant loss of RNFL. With time, loss of RNFL occurs and axoplasmic flow stasis subsides, resulting in decreased OCT RNFL. Despite its limitations, OCT may be a useful secondary end point for the clinical trial because if the OCT-measured RNFL is relatively more preserved after treatment compared with our natural history study, it could provide anatomical support of a therapeutic effect. Furthermore, measurement of the RNFL and macular OCT may be useful to monitor safety. We also attempted scanning laser polarimetry (GDx; Carl Zeiss Meditec) in our patients to assess axonal injury, but obtaining images of consistent quality was not possible because of poor fixation from bilateral visual loss.
Visual field improvements were modest in eyes with improved acuity but were not consistently observed (Figure 3) . In contrast, the visual fields worsened correspondingly in eyes with worsened acuity, indicating the usefulness of visual fields as an adjunctive test during the 12 months after the onset of symptoms, because progressive acuity worsening in G11778A LHON in this study was found only during this period (Figure 3) . Pattern electroretinogram amplitude and phase as indicators of RGC function were low in our affected cohort and showed no significant changes over time and no correlation in patients whose vision improved or worsened. However, PERG may serve as a secondary therapeutic end point if the gene therapy improves RGC function and reduces RGC degeneration. Given our natural history result, the end point of a 15-letter ETDRS visual acuity improvement, and the need to initially establish the safety of the gene therapy, we propose to divide the LHON cohort into 2 groups for the planned phase 1/2 clinical trial in which the worse eye will be treated to establish safety: (1) group 1 (chronic poor acuity group), consisting of patients with onset of visual loss of 12 or more months with acuity loss to 30 or less ETDRS letters (20/200 OU) and (2) group 2 (acute group), consisting of patients with onset of acuity loss to less than 70 ETDRS letters (20/40 OU) within 12 months. After safety is established, treatment of the better eye Copyright 2014 American Medical Association. All rights reserved.
in group 3 (acute better group), consisting of patients with onset of acuity loss to less than 70 ETDRS letters (20/40) in 1 eye within 12 months, but with contralateral acuity of 70 or more ETDRS letters (20/40) and monitored for at least 12 months may be considered to determine whether gene therapy is effective in maintaining vision in the better eye. Table 2 presents the calculated sample sizes for a noncontrolled phase 1/2 safety and efficacy trial comparing acuity outcomes in the injected treated eye with the contralateral eye that is not injected. 26 In our natural history phase of the study, the numbers of patients who met the criteria for these groups were 25, 9, and 3, respectively. Analysis assumes comparison of dichotomous outcomes with the McNemar test. The efficacy end point in group 1 (chronic poor acuity group) is improvement of 15 ETDRS letters to acuity greater than 70 ETDRS letters (20/40) in the injected eye within 12 months. One eye of 1 patient (4%) achieved the efficacy end point in the natural history study. In group 2 (acute group), the efficacy end point is improvement of 15 ETDRS letters to acuity greater than 70 letters (20/40) in the injected eye within 12 months. Three eyes of 2 patients (22%) achieved the efficacy end point in the natural history study. In group 3 (acute better group), the efficacy end point is preservation of vision greater than 70 ETDRS letters in the injected eye compared with the unilaterally affected fellow eye. One of 3 patients (33%) in the natural history study maintained good vision in the unaffected eye beyond 12 months of follow-up. We recognize that our estimates of natural history outcomes are not precise, particularly for groups 2 and 3. If we have substantially underestimated the incidence of successful natural history outcomes, we might fail to detect a treatment difference, even with 95% efficacy. However, our natural history data for group 1 demonstrate that long-term good acuity is rare. For example, the upper 95% confidence limit for group 1 (20%) is similar to the point estimates for groups 2 (22%) and 3 (33%). Thus, a high incidence of good acuity outcomes in the untreated eyes of cohorts 2 and 3 may suggest an additional year of follow-up to assess treatment outcomes. These data would be useful for designing an eventual phase 3 study.
Prospective longitudinal follow-up data on a large group of patients with G11778A LHON are not available in the literature for comparison with our study. Newman et al 27 LHON ranged widely, from 4% to 33%, because of differences in sample size and methods. Although the present study was not designed to assess the efficacy of idebenone, comparing visual acuity and visual field data (Supplement [eTable 2 and eFigure 2]) in patients who had onset of visual symptoms within 2 years of enrollment who had ever received idebenone vs those who had never received the drug we discerned no significant differences. Therefore, all patient experience was combined to estimate the incidence of visual function changes over time. Similar to what has been reported with EPI-743 treatment, 7 visual acuity in one of our patients improved to 20/25 spontaneously, and we found general stabilization of disease in LHON.
Conclusions
Our natural history study indicates visual acuity to be the most suitable primary end point for the planned clinical trial. In addition, detection of gene therapy improvements may be feasible with a reasonably achievable sample size.
